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Abstract— The present study measured the occurrence, distribution, and bioaccumulation of
fluoxetine in samples of water, polar organic chemical integrative sampler (POCIS), sediment,
and caged freshwater mussels at stream sites near a municipal wastewater treatment facility
effluent discharge. We assessed the relation of the environmental concentrations to reproductive
endpoints in mussels in acute laboratory tests. Concentrations of fluoxetine in water and POCIS
samples were similar (<20% difference) within each site and were greatest in the effluent
channel (104-119 ng/L), and decreased at 50 m and 100 m downstream. Likewise,
concentrations of fluoxetine in sediment and mussel (El/iptio complanata) tissue were greatest in
the effluent channel (17.4 ng/g wet wt for sediment and 79.1 ng/g wet wt for mussels). In 96-h
lab tests, fluoxetine significantly induced parturition of nonviable larvae from female E.
complanata exposed to 300 ug/L (p = 0.0118) and 3000 pg/L (p < 0.0001) compared to controls.
Fluoxetine exposure at 300 pg/L (p = 0.0075) and 3000 pg/L (p = 0.0001) also resulted in
stimulation of lure display behavior in female Lampsilis fasciola and Lampsilis cardium,
respectively. In male E. complanata, 3000 pg fluoxetine/L significantly induced release of
spermatozeugmata during a 48-h exposure. These results suggest that fluoxetine accumulates in
mussel tissue and has the potential to disrupt several aspects of reproduction in freshwater
mussels, a faunal group recognized as one of the most imperiled in the world. Despite the
disparity between measured environmental concentrations of fluoxetine and effects
concentrations in our short-term tests with these long lived animals, additional tests are
warranted to evaluate the effects of long term exposure to environmentally-relevant

concentrations and critical lifestages (e.g., juveniles).
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INTRODUCTION

Pharmaceuticals and personal care products (PPCPs) have been detected in surface waters,
effluent from municipal wastewater treatment facilities, seawater, and groundwater [1-3].
Although these compounds are generally not as persistent as traditional priority pollutants (e.g.,
polychlorinated biphenyls, organochlorine pesticides), the continuous release of PPCPs into
rivers and streams from municipal wastewater treatment discharges presents similar exposure
conditions as that of a persistent organic pollutant. Many of these compounds enter the
environment in their parent form (un-metabolized) or as a mixture of metabolites [1-4]. In
addition, some PPCPs have been found to accumulate in fish in effluent-dominated streams [5].
Therefore, compounds that were manufactured with the intent of being bioactive are being
discharged into surface and ground waters and may be responsible for adverse effects in aquatic
organisms, including endocrine disruption [6,7].

One of the PPCPs detected frequently in surface waters is fluoxetine, the active
ingredient in Prozac® (Eli Lilly and Company) [2,3,8]. Fluoxetine is a selective serotonin
reuptake inhibitor (SSRI) and exerts its action by reducing the clearance rate of serotonin (5-
hydroxytrypamine), a neurotransmitter, in the synapse following nerve signal transmission.
Serotonin is a key mediator for a wide variety of physiological functions in mollusks; serotonin
regulates reproductive processes including oocyte maturation [9,10], spawning [10,11], and
parturition (release of glochidia) [12]. Serotonin, fluoxetine, and other SSRIs have been used to
artificially induce spawning in freshwater and marine bivalves for aquaculture purposes [13,14]
and have been investigated as a potential chemical control mechanism (i.e., disruptor of

reproduction) for exotic bivalve species like the zebra mussel Dreissena polymorpha [9,15].



Native freshwater mussels (family Unionidae) are long-lived (30 -100 years) suspension-
and deposit-feeding benthic organisms that live burrowed in sediments of streams and rivers.
They are among the most rapidly declining faunal groups in North America; approximately 70%
of the nearly 300 freshwater mussel species found in North America are considered vulnerable to
extinction or already extint [16,17]. The decline of mussel populations in North America has
occurred steadily since the mid 1800s and has been attributed to a wide array of human activities
that cause pollution and water-quality degradation and habitat alteration and destruction [18,19].
Principally, the stressors associated with human development and urbanization have hastened
these population declines over the past 20 to 50 years. In light of the increasing number of
surface waters with measurable fluoxetine (and other SSRIs) concentrations and the imperiled
status of the freshwater mussel fauna, determination of the effects of environmental exposures of
fluoxetine to native freshwater mussels is of utmost importance.

Most Unionids have a unique life history that includes an obligate parasitic larval stage
(glochidia). Gravid female mussels release glochidia that must attach to the gills or fins of a
suitable host fish for a period of days to weeks for successful transformation to the free-living
juvenile stage [20]. Two of the major subfamilies of North American Unionid mussels use
distinct strategies to successfully attach to host fish. Mussels of the tribe Lampsilini use
elaborate and highly specialized mantle tissue displays (lures) that resemble prey items such as
minnows or insect larvae to attract potential host fish [21,22]. As the fish strikes the mantle flap
lure, hundreds to thousands of glochidia are released into the buccal cavity of the fish where they
attach to gills and undergo transformation into juvenile mussels before releasing from the fish
and settling into the sediment to become free-living adults. Tribe Amblemini mussels generally

release glochidia into the water column in a broadcast strategy whereby their glochidia drift and



encounter host fish by happenstance or via mucous nets. Because of their unique and complex
life history, unionid mussels may be among the groups of aquatic organisms most susceptible to
PCPPs and other endocrine disrupting compounds (EDCs) that are now found in our surface
waters.

The objective of the present study was to measure the occurrence, distribution and
bioaccumulation of fluoxetine in samples of water, polar organic chemical integrative sampler
(POCIS), sediment, and caged mussels at stream sites upstream, in, and downstream from a
municipal wastewater treatment facility. We also assessed the relation of these measured
environmental concentrations to reproductive endpoints (release of gametes, parturition of
glochidia, mantle lure display behavior) in mussels in a series of acute (<96-h) laboratory

toxicity tests.

MATERIALS AND METHODS

Environmental sampling and analysis

Crabtree Creek, a tributary to the Neuse River, near the Town of Cary (NC, USA)
(population of 127,640), was selected for study. Based on streamflow data from the U.S.
Geological Survey this stream has a long-term median flow of approximately 56 mil L/d (23 cfs).
The Town operates a wastewater treatment facility that uses tertiary treatment with ultraviolet
disinfection and has a permitted discharge of 45.42 mil L/d of treated effluent into Crabtree
Creek. According to the USGS [23] the 7-d, consecutive low flow with a ten year return
frequency (7Q10) for this creek is approximately 4.9 mil L/d (2.0 cfs). Four sampling sites

included one reference site on Crabtree Creek located 100 m upstream of the confluence with



wastewater effluent channel; one site at the midpoint of the 50 m long effluent channel; and two
sites downstream (50 m and 100 m, respectively) of the confluence with the effluent channel in
the mixing zone. At each site, duplicate 4 L grab surface water samples, triplicate POCIS
devices, and single composite surficial (top 5 cm) sediment samples (r» = 4 grabs-6 grabs each
with a stainless steel scoop) were taken on three separate occasions (August, September, and
November of 2007). The POCIS samplers (EST) were deployed for 14 d to 21 d intervals during
each sampling event. During the final sampling in November, adult Elliptio complanata mussels
were collected from a relatively uncontaminated, rural, forested section of the Eno River near
Hillsborough (NC, USA), with no permitted discharges upstream in the watershed

(http://h20.enr.state.nc.us/basinwide/Neuse/2008/NeuseRiverBasinPlanDRAFT.htm). The

mussels were deployed in cages alongside the POCIS devices at each site. Adult E. complanata
used for bioaccumulation studies in and near the municipal wastewater effluent were not in
reproductive condition (i.e., gravid) at the time of the study therefore gender was not able to be
determined. Three mussels were held in a cylindrical porous plastic mesh (10 mm openings)
cage at each site. Each cage contained 10 cm of surficial sediment from the site to provide cage
stability and burrowing substrate for the mussels, which were deployed for 14 d. Water samples
were transported on ice to the laboratory and extracted within 2 h of collection. Sediment,
mussel and POCIS samples were transported on ice, promptly frozen upon return to the
laboratory, and held at -20 °C until extraction and analysis. All samples were analyzed for
fluoxetine as described below.

Fluoxetine and fluoxetine-ds were purchased as certified analytical standards from
Cerilliant; *C-phenacetin was purchased from Cambridge Isotope Laboratories. Stock solutions

of each analyte were prepared in methanol and working solutions were prepared from the stocks.



Fluoxetine-ds and ">C-phenacetin were used as the internal standards. All other chemicals were
reagent grade or better, obtained from commercial suppliers and used as received. Ultrapure
deionized water was obtained with a Milli-Q system.

During extraction, water samples were filtered (0.45 um, Whatman), acidified with
formic acid to a pH of 2.7, spiked with *C-phenacetin, and solid phase extracted using hexane,
methanol, and water conditioned 47 mm C18 Empore™ disks (Varian). The disk was then dried
under vacuum and shaker extracted using 20 ml of methanol. The extraction was repeated for a
total of 60 ml methanol. The methanol was filtered with UniPrep™ (Whatman), dried using
nitrogen evaporation, and reconstituted in 1ml aqueous mobile phase (10 mM ammonium
formate in water). Samples were transferred to autosampler vials for analysis.

Sediment samples were homogenized and aliquoted (23 g-29 g wet wt) into 50 ml glass
centrifuge tubes for extraction. Samples were spiked with fluoxetine-dg and serially extracted
three times on a flat bed shaker with 25 ml of a 50:50 mixture of methanol:dichloromethane
(volume fraction) and 0.25 ml of ammonium hydroxide solution for 30 min. Samples were
centrifuged (1700 rpm; 15 min) and the solvent was decanted. The extraction was repeated three
times. Extracts from the three sequential extractions were reduced in volume by rotary
evaporation (maximum 20 mbar) at 60 °C until dryness, spiked with secondary standard and
evaporated again. Samples were reconstituted in 1 ml of aqueous mobile phase. Mussels were
extracted in a similar manner except that the whole mussel tissue (7 g-14 g wet wt) was minced
with stainless steel scissors and the tissue was placed into the centrifuge tube.

Polar organic chemical integrative samplers were extracted according to manufacturer’s
guidelines. Briefly, samplers were rinsed with ultrapure water to remove any material adhering

to the surface. The disk was disassembled and the sorbent was extracted with 120 ml of



methanol. Methanol was filtered using UniPrep (Whatman), reduced under nitrogen, spiked with
secondary standard and ultimately reconstituted in 1ml aqueous mobile phase. Samples were
transferred to autosampler vials for analysis.

All analyses were performed with an Agilent 1100 liquid chromatograph coupled to an
API 4000 triple-quadrupole mass spectrometer equipped with an electrospray interface operated
in positive ionization mode (Applied Biosystems). Analytes were individually infused to
determine the tandem mass spectrometer ion transitions and compound dependent parameters.
Multiple daughter ions were monitored (multiple reaction monitoring) for confirmation purposes
but quantification was based on a single transition. Additional mass spectrometer parameters
and the description of quality assurance protocols used in the analyses are provided in detail in
the Supplemental Data. A rigorous quality assurance protocol included the measurement of
solvent blanks, procedural blanks, replicate analyses, matrix spikes, and primary internal
standard recovery was followed during all analyses. Sediment and tissue analyte concentrations
are reported on a wet weight basis. For mussel and sediment analysis, matrix spike recoveries
ranged from 51 to 94 % and primary internal standard recovery averaged 70%. For water
analysis, matrix spike recoveries were 80 to 100% and primary internal standard recovery
averaged 85%. Laboratory replicate relative standard deviations were <15%. Limit of detection
for fluoxetine ranged from 0.05 ng/g in sediment and mussel tissue to 1.5 ng per POCIS sampler.
There were no detections in procedural and solvent blanks. The data were not corrected for
recovery. Additional details regarding quality assurance/quality control measures are provided

in the Supplemental Data.

Mussel toxicity testing



To assess the effects of fluoxetine on reproductive parameters with adult mussels in the
lab, we collected mussels from two of the major Unionid tribes, Amblemini and Lampsilini.
Representatives of the Amblemini tribe, Elliptio complanata, (length 55 mm-77 mm) were
collected from the Eno River near Hillsborough and Little Creek near Wilson (NC, USA), in July
2004, June 2005, April 2006, and July 2006. Lampsiline species included Lampsilis cardium and
L. fasciola. Adult female Lampsilis cardium (length 93 mm-123 mm) displaying mantle flap
lures were collected from the Upper Mississippi River near La Crosse (WI, USA), in September
2005. Adult female Lampsilis fasciola (length 45 mm-82 mm) displaying mantle flap lures were
collected from the Little Tennessee River near Franklin (NC, USA), in May 2006. With the
possible exception of the Mississippi River, all mussels were obtained from relatively
uncontaminated and rural areas. All mussels used in the present study were transported or
shipped to the Aquatic Toxicology Lab at North Carolina State University using methods of
Cope et al. [24]. Upon arrival at the laboratory, all mussels were acclimated to reconstituted soft
water [25] over 24 h and maintained at 18 to 20°C for at least 24 h prior to beginning any
experiments to ensure that spawning or release of glochidia during experiments was not a result
of handling or transport stress. Approximately 21% (25/120) of female mussels returned to the
lab released glochidia (>90% viable) during acclimation. Only female mussels that had not
released glochidia during acclimation were used for toxicity tests.

Fluoxetine hydrochloride salt (Sigma-Aldrich; 98% purity) and serotonin creatinine
sulfate (Acros Organics; 99% purity) were purchased from VWR International (West Chester).
Working solutions of fluoxetine (8 mg/ml and 0.008 mg/ml) and serotonin (20 mg/ml) were
prepared in deionized water. All test concentrations were calculated based on the concentration

of free fluoxetine, as opposed to the salt form in which it was purchased. Test containers were



pre-conditioned with appropriate test solutions for 24 h before experiments began. Test solutions
were prepared in reconstituted soft water [26] for all experiments. Temperature, pH, dissolved
oxygen, conductivity, alkalinity, and hardness were measured according to standard methods
[26] in one replicate of each treatment at least at the beginning and end of each test. A calibrated
multiprobe (YSI Model 556 MPS, Yellow Springs Instruments) was used to measure pH,
dissolved oxygen, conductivity and temperature. Alkalinity was determined by titration with
0.02 N H,SO4 to pH 4.5, and hardness by titration with 0.01 M ethylenediaminetetraacetic acid.
We assessed glochidia release by brooding female E. complanata following exposure to
fluoxetine in three trials (July 2004, June 2005, and July 2006), each with six treatment
concentrations (0, 0.3 pg/L, 3.0 pg/L, 30 pg/L, 300 pg/L, or 3000 pg/L), and 3 to 6 mussels per
treatment for 96 h. We chose this range for the lab exposures because the lowest test
concentrations were similar to the highest fluoxetine concentrations measured in the effluent
(~0.12 pg/L) and because the lab experiments were all short-term (< 96 h) exposures. A
serotonin treatment (40 mg/L) was included as a positive control [13,14,16]. The mussels were
placed in 3.75-L glass aquaria (1 mussel/aquarium) containing 2 L of gently aerated reconstituted
soft water andexamined at 24 h intervals for the duration of the exposure. Endpoints included
time from initiation of exposure to parturition of >100 glochidia and viability of released
glochidia, determined by response of a sub-sample (» = 50-100) of the released glochidia to a
saturated solution of NaCl [27]. Composite water samples (10 ml from each replicate in a given
treatment) were collected for analysis of fluoxetine at time 0 and at the time of first release of
glochidia in a replicate. Substrate, either artificial (e.g., aquarium gravel) or natural sediment

was not used in tests with E. complanata.
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Effects of fluoxetine on mantle flap display behavior and glochidia parturition were
evaluated in L. cardium in September 2005 and in L. fasciola in May 2006. Mussels were
maintained in 3.75-L glass aquaria (1 mussel/aquarium) containing 2 L of gently aerated
reconstituted soft water and 12 mm of artificial substrate (aquarium gravel) at 18 to 20°C.
Mussels were exposed to one of five fluoxetine treatments (0, 0.3 pg/L, 3.0 ng/L, 30 pg/L, 300
pg/L, or 3000 pg/L) with 6 replicates per treatment for 96 h (n = 36 experimental units). All
exposure water was renewed at 24-h intervals. Mussels were monitored for mantle flap display
and the release of glochidia continuously for the first 6 h of the experiment and then observed at
2 h intervals during 8 h blocks over the remaining exposure duration. Mantle flap display
behaviors were categorized as: stage 1- shell closed; stage 2- shell gaped but no mantle tissue
exposed; stage 3- shell gaped and mantle tissue partially extended; stage 4- shell gaped and
mantle tissue fully extended with fish lure visible; stage 5- shell gaped, fish lure fully extended,
and marsupial gills extended beyond shell margin; stage 6- shell gaped, fish lure fully extended,
marsupial gills fully extended, and fish lure pulsating (number of beats/min was quantified). In
addition, time to release of glochidia (>100) was recorded and glochidia viability was determined.
Composite water samples (200 ml from each of 6 replicates) were collected for fluoxetine
analysis from each treatment at the time mussels were initially placed in fluoxetine treatments.
Effects of fluoxetine on release of spermatozeugmata or “sperm spheres” [28] were evaluated in
male E. complanata in April 2006. Because E. complanata is not a sexually dimorphic species,
we initiated the experiment with 48 non-gravid adult mussels of unknown gender (length 52 mm-
74 mm). Mussels were randomly assigned to one of three treatments: control, 300 pg
fluoxetine/L, or 3000 pg fluoxetine/L. An experimental unit consisted of a 3.75-L glass

aquarium with 1 mussel and 2 L of gently aerated reconstituted soft water [25]. Temperature
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was maintained at 20 °C by partially submerging aquaria in a water bath (Living Stream®, Frigid
Units). Water samples (10 ml) were collected from each aquarium at the start of the experiment
(before addition of fluoxetine) and examined at 40x magnification under a dissecting microscope
for the presence of spermatozeugmata or glochidia. No mussels had released gametes or
glochidia by the start of the experiment. A release of spermatozeugmata was defined as >10
spermatozeugmata per 10-ml sample of exposure water and glochidia parturition was
documented when > 100 glochidia were expelled. Water samples were collected and examined
at 2 h intervals for the first 12 h of the experiment and from 24 to 36 h. A final 10-ml sample
was examined at 48 h, after which mussels that had not released sperm or glochidia were
exposed to serotonin (80 mg/L) for < 8 h to stimulate release of spermatozeugmata or glochidia.
Test solutions were renewed (100%) at 24 h. Test water exposure concentrations were extracted

and quantified similar to that previously described for stream water samples.

Statistical analyses

The three glochidia release trials with E. complanata were treated as replicates in time
and the mean percentage of mussels releasing glochidia in each treatment was determined (n =
21 experimental units). The JMP (SAS) statistical software was used to test for homogeneity of
variances (Bartlett’s Test) and differences in glochidia release between treatment groups and
controls was evaluated with analysis of variance followed by Dunnett’s Test (« = 0.05). Display
behavior (i.e., frequency of occurrence in each stage) was analyzed by multivariate analysis of
variance followed by Dunnett’s test to compare control and treatment means for each stage (o =
0.05, n = 36 experimental units). For simplicity, frequencies of occurrence results were

combined into three categories: stages 1 and 2, stages 3 and 4, and stages 5 and 6. Preceding
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analysis, frequencies of occurrence in each of the three categories were transformed (arcsine) to

achieve homogeneity of variance.

RESULTS AND DISCUSSION

Environmental sampling
Fluoxetine (and other pharmaceuticals; Supplemental Data, Tables S1-5) was detected in each of
the environmental samples (water, POCIS, sediment, mussels) taken in and downstream of the
wastewater effluent channel. Mean measured concentrations of fluoxetine in water and POCIS
samples were similar (<20% difference) within each site and were lowest at an upstream
reference site (<limit of detection-2.4 ng/L), greatest in the effluent channel (104 ng/L-119 ng/L),
and decreased at sites 50 m (10.0 ng/L-14.4 ng/L) and 100 m (5.1 ng/L-7.3 ng/L) downstream of
the effluent channel in Crabtree Creek (Fig. 1a). The similarity in concentrations of fluoxetine in
surface water samples and the POCIS devices at a given site indicates that there is a relatively
consistent discharge of fluoxetine in the wastewater effluent and that fluoxetine is detected in
measureable quantities for at least 100 m downstream in Crabtree Creek. The time-weighted
average concentrations of fluoxetine provided by the POCIS devices were calculated based on
the uptake rate for fluoxetine (0.196 L/d) determined under turbulent conditions for a 41 cm’
POCIS device [29]. Based on our results, the POCIS sampling technology was a reliable tool for
quantitatively assessing fluoxetine in surface waters and corroborates recent research by other
investigators [30,31].

The mean measured concentrations of fluoxetine in sediment and mussel tissue showed

the same patterns as for water and POCIS samples, with the effluent channel sediment (17.4 ng/g

13



wet wt) and mussels (79.1 ng/g wet wt) having the greatest concentrations (Fig. 1b).
Longitudinally in Crabtree Creek, sediment fluoxetine concentrations ranged from 0.35 ng/g wet
weight at the upstream reference site to 5.3 and 1.3 ng/g wet weight, respectively at sites 50 and
100 m downstream of the effluent channel. These results support previous studies that report the
occurrence of fluoxetine in aquatic sediments and soils [32,33]. Caged mussels accumulated
substantial quantities of fluoxetine in their tissues after only 14 d; however it is unknown if the
fluoxetine had reached steady state in the mussels during this period. From a high of 79.1 ng/g
wet weight measured in mussels from the effluent channel, tissue fluoxetine remained elevated at
sites 50 m (18.0 ng/g wet wt) and 100 m (9.8 ng/g wet wt) downstream, compared to the
upstream reference mussels, which had 0.3 ng fluoxetine/g wet weight.

Fluoxetine 14-d bioaccumulation factor estimates for mussels at the four sites ranged
from 125 to 1347 and were calculated by dividing the tissue concentration by the water
concentration (Table 1). These values are similar to reported predicted bioconcentration factors
(BCF), based on octanol-water partitioning coefficient, under certain environmental conditions
[34] but are greater than BCF estimates reported for this compound in Japanese medaka (Oryzias
latipes; BCF = 74-80) by other investigators [35]. Bioconcentration factors do not account for
uptake via dietary routes that may partially explain the differences between accumulation in
mussels and fish from these studies. Additionally, we did not examine accumulation or
depuration kinetics and the mussel fluoxetine concentrations may not have reached steady state
within this period. Pharmacokinetics of fluoxetine in mussels remains an important area of
research.

Mean mussel concentrations of fluoxetine were highly correlated with those measured in

water (r°= 0.986, p =0.007) and POCIS (r* = 0.985, p = 0.008) samples at the sites. These
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strong relations indicate a rapid uptake of fluoxetine via waterborne exposure across the gills of
mussels—presumably through suspension-feeding and respiratory activities. However, uptake
and exposure to fluoxetine via sediments may have also occurred through their deposit feeding
activity [19] and is of concern for potential long-term, chronic exposures of mussels residing in
streams receiving treated wastewater. Moreover, the range of fluoxetine concentrations
measured in mussels from the effluent channel and the downstream sites (9.8 ng/g-79.1 ng/g wet
wt) were greater than those measured from a variety of fish species (range 0.1 ng/g-1.6 ng/g wet
wt) in waters impacted by municipal effluent [5, 36], underscoring the concern for potential
adverse effects of this, and other pharmaceuticals, on this already imperiled group of fauna.
Measurements of fluoxetine were performed in mussels that were not depurated; therefore, body
burdens may have been influenced by fluoxetine in the digestive tract. Future studies of unionid
mussels and fluoxetine should also include the analysis of norfluoxetine, a primary metabolite of
fluoxetine, which has been shown to induce spawning and parturition in other bivalves [37] and

to accumulate in fish [5,36].

Mussel toxicity testing

A significantly greater percentage of mussels in the 300 pg/L (p = 0.012) and 3000 pg/L
(p <0.001) fluoxetine treatments released nonviable (immature) glochidia compared to controls
(Fig. 2). Mussels in the 0.3 pg/L fluoxetine treatment also released nonviable glochidia;
however, this was not significantly different from controls (p = 0.999). One control mussel in the
June 2005 trial released nonviable glochidia but no control mussels released nonviable glochidia
in the other two trials. Some mussels in each treatment released viable glochidia, but there was

not a significant difference (p = 0.818) in the percentage of mussels in each treatment that
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released viable glochidia (Fig. 2). Glochidia release by mussels exposed to serotonin, the
positive control, was similar to the release by mussels exposed to the highest fluoxetine
concentration (Fig. 2). Mussels exposed to 300 pg/L and 3000 pg/L of fluoxetine and serotonin
had marked increase in foot volume (discussed below), many to the point that they were unable
to close their shell.

Fluoxetine substantially altered mantle flap lure display behavior in L. cardium and L.
fasciola in a similar pattern. In L. fasciola, for example, mussels exposed to 300 pg/L (p =
0.0075) and 3000 pug/L (p < 0.001) of fluoxetine were more frequently observed in the most
advanced stages of display (stages 5 and 6) compared to control mussels. Concomitantly,
mussels in the 300 pg/L (p = 0.034) and 3000 pg/L (p = 0.001) fluoxetine treatments were less
frequently observed in less advanced display stages (stages 1 and 2) compared to control mussels
(Fig. 3). The trend toward more advanced stages of display behavior was more pronounced in
mussels exposed to 3000 pg/L of fluoxetine compared to the 300 pg/L treatment group,
indicating a concentration-response relationship, which may be mediated through serotonergic
neurons [38]. Additionally, variability of observation frequency in the various stages among
replicates also decreased in the mussels exposed to 3000 pg/L (Fig. 3). The ecological
significance of altered mantle lure display behavior is not fully understood and requires further
evaluation; however, mantle lure displays are intended to entice fish attacks so that glochidia can
be expelled on to the gills of the fish and unnecessary tissue damage from fish strikes may result
in damaged lures that are less effective at attracting host fish during the reproductive period when
the mussels are brooding glochidia.

The results of the experiment with L. cardium were consistent with those of L. fasciola in

terms of a concentration-related response in mantle lure display behavior, except that only
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mussels in the 3000 pg/L fluoxetine treatment were more frequently observed (p = 0.0001) in the
most advanced stages of display (stages 5 and 6) compared to control mussels (data not shown).
Parturition of glochidia occurred during the mantle lure display experiments with L. cardium and
L. fasciola, as in experiments with E. complanata. However, in both of these tests, only mussels
in the 3000 pg/L fluoxetine treatment released a significantly (p < 0.0001) greater percentage of
glochidia compared to controls. All of the glochidia released from mussels during these two
experiments were viable glochidia, unlike in the tests with E. complanata, in which viable and
nonviable glochidia were released. In these tests, the number of glochidia released by mussels
exposed to serotonin, the positive control, was again similar to those released by mussels exposed
to the highest fluoxetine concentration. Also, as observed in the experiments with E. complanata,
the foot volume of L. fasciola and L. cardium was substantially increased (discussed below) in
mussels exposed to the two highest fluoxetine concentrations.

Fluoxetine induced release of spermatozeugmata in 7 of 16 (44%) E. complanata of
unknown gender in the 3000 ng/L treatment, whereas 1 of 16 (6%) mussels in each of the control
and 300 pg/L fluoxetine treatments released spermatozeugmata. Release of spermatozeugmata
by mussels in the 3000 pg/L fluoxetine treatment was significantly different (p = 0.0056) from
other treatments. In addition, 5 of the 16 (31%) mussels in the 300 pg/L fluoxetine treatment and
4 of 16 (25%) in the 3000 pg/L fluoxetine treatment released glochidia, whereas 2 of 16 (13%)
released glochidia in the control treatment. Of the 12 remaining mussels that had been exposed
to fluoxetine but had not released spermatozeugmata or glochidia within 48 h, 2 released
nonviable glochidia within 2 h of exposure to serotonin (80 mg/L). The 10 remaining mussels

did not release glochidia or gametes within 24 h of exposure to serotonin.
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Our results demonstrate that fluoxetine has the potential to disrupt reproduction in native
mussel species by inducing release of spermatozeugmata and glochidia as well as altering mantle
flap display behavior. The ecological effects of an ill-timed release of glochidia or gametes
caused by fluoxetine exposure could be potentially devastating to localized mussel populations.
Likewise, the inability of a female mussel to attract a suitable host fish (for glochidia infestation)
through altered or ill-timed mantle flap (fish lure) display behavior could also result in
reproductive failure. The lowest-observed-effect concentration (LOEC) for fluoxetine in the
present study was 300 pg/L and the no-observed-effect concentration (NOEC) was 30 ng/L, thus
the true threshold for effects lies somewhere between 30 pg/L and 300 pg/L. The LOEC of 300
pg/L fluoxetine for adult mussel reproductive effects in the present study is similar to effects
concentrations reported for some other invertebrate species that have been tested [38,39]. The
LOEC was substantially greater (several orders of magnitude) than the concentrations measured
in samples of water from the treated effluent in the present study (0.119 pg/L) and in samples
from other locations (maximum 0.142 pg/L) [3]; however, our test durations for all experiments
were relatively short (< 96 h) relative to the lifespan of these animals. Fluoxetine has been
demonstrated to cause adverse effects in full lifecycle tests with short-lived aquatic invertebrates
(Daphnia magna and the snail Potamopyrgus antipodarum) at concentrations as low as 10 ug/L
[39]. Itis currently unclear how the results of our acute fluoxetine toxicity tests relate to results
of chronic exposures in these long lived mussels but based on the findings of Péry et al. [40] who
tested chronic effects of fluoxetine with another mollusk, it is reasonable to hypothesize that
LOEC:s for chronic studies with mussels would be similar to those reported for another mollusk.
An LOEC of 10 pg/L is still at least an order of magnitude greater than the highest

concentrations measured in the environment in the present study but the possibility of the
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presence of other SSRIs with similar modes of action and their additive or synergistic effects
should not be ignored. Moreover, the effects of fluoxetine on the sensitive early life stages of
mussels (glochidia and juveniles) have not been assessed and little is known about the effects of
chronic, low-level fluoxetine (and other SSRI) exposure on mussel reproduction in actual stream
settings.

Fluoxetine and other SSRI drugs have been used previously to induce spawning and
parturition in mussels. Cunha and Machado [13] used fluoxetine and fluvoxamine, another SSRI
drug, to control timing and intensity of glochidia release in Anodonta cygnea, for aquaculture
purposes. Significant numbers of viable glochidia were released by gravid mussels exposed to
309 and 3090 pg/L of fluoxetine during a 24-h exposure period in their study. Elliptio
complanata in the present study appeared to be similarly sensitive to fluoxetine. Additionally,
consistent with reports by Cunha and Machado [13] for 4. cygnea, we observed a strong increase
in volume of the foot in E. complanata during early stages of exposure to fluoxetine and
serotonin. Cunha and Machado [13] attributed the increase in foot size to relaxation of foot
muscles and the resulting favorable conditions for uptake and storage of water.

To our knowledge, this is the first report of reproductive effects with male unionid
mussels exposed to an SSRI drug. Male E. complanata exposed to 3000 ng fluoxetine/L
released spermatozeugmata (aggregates of hundreds to thousands of spermatozoa) but those
exposed to the next lowest concentration, 300 pg/L, did not. Fong [39] reported induction of
spawning in zebra mussels at 155 pg/L fluoxetine for males and 1545 pg/L for females. The
effects of fluoxetine on viability of spermatozeugmata or individual spermatozoa after release

from the sperm sphere have not been elucidated.
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Consistent with other studies of mollusks in which fluoxetine stimulated reproductive
processes [39,41], fluoxetine exposure resulted in a concentration-dependent stimulation of
mantle lure display behaviors by L. fasciola and L. cardium. 1t is currently unclear if such
behavioral effects would preclude successful attraction of a suitable host fish for glochidia
infestation. Additionally, it is not known if fluoxetine (or other SSRIs) would induce display
behaviors in female mussels that are not gravid (i.e., out of season), or prematurely induce
displays in those that contain immature or nonviable glochidia. Additional research is required
to elucidate the effects of fluoxetine on other ecologically-relevant behaviors such as burrowing
and feeding. Because SSRIs are most commonly associated with municipal wastewater effluents,
they generally exist as mixtures rather than individual chemicals in surface waters. It would be
prudent to evaluate the potential for surface waters to disrupt neuroendocrine pathways based on
total SSRI concentration and activity rather than focus on individual chemicals because the

combined total SSRI activity may better estimate effects on critical biological endpoints.
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Figure Legends

Fig. 1. Mean measured concentrations of fluoxetine in samples of (A) water, polar organic
chemical integrative samplers (POCIS), (B) sediment, and caged freshwater mussels Elliptio
complanata at sites upstream, in, and downstream (50 m and 100 m) of a municipal wastewater
treatment facility effluent (Crabtree Creek) near the Town of Cary (NC, USA). Error bars

indicate one standard deviation.

Fig. 2. Mean percent of gravid female Ellipto complanata (n = 14) per treatment that released
glochidia during a 48-h exposure to fluoxetine (0 - 3000 pg/L) or serotonin (40 mg/L). Error
bars indicate one standard deviation. Asterisks indicate a significant difference compared to

control (Dunnett’s Test): * p <0.05, *** p <0.0001.

Fig. 3. Summary of mantle flap display behavior for gravid female Lampsilis fasciola exposed
to fluoxetine (0 - 3000 pg/L) for 96 h. Mean percent of observations (7 = 16 total observations)
per display stage (n = 6 replicates). Stages 1 and 2 were no visible mantle flap, stages 3 and 4
were partial displays, and stages 5 and 6 were full displays. Error bars indicate one standard
deviation. Asterisks indicate a significant difference compared to control (Dunnett’s Test): * p <

0.05, *** p < 0.001.
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Table 1. Partitioning characteristics of fluoxetine in environmental samples collected near a

municipal wastewater effluent discharge in Cary (NC, USA).

Site Mussel 14-d BAF* Ky
Upstream reference 125 146
Effluent 665 146
50 m downstream 1250 368
100 m downstream 1347 178

* Freshwater mussel (Elliptio complanata) bioaccumulation factor = [tissue (ng/g)]/[water
(ng/ml)]

® Sediment-water partitioning coefficient =[sediment (ng/g)]/[water (ng/ml)]
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